GaN plays a key role in the exploration of the properties of group-III nitrides. As grown GaN often shows a high electron concentration, e.g. 10 19 cm -3 , of as yet unidentified origin. Applying large hydrostatic pressure we studied the behavior of these donors and a frequently observed strong luminescence band at 3.42 eV. We find a drop of the electron concentration to 3x10 17 cm -3 at 27 GPa and derive a binding energy of 126 meV for the neutral singlet donor level at this pressure. Such a pressure behavior of a donor is consistent with the model of strongly localized defects. Within the framework of a bandstructure calculation we predict the neutral level of this donor at 0.40 ± 0.10 eV above the conduction band edge at ambient pressure.
INTRODUCTION
The physics of semiconductors currently experiences exciting developments in the group-III nitrides. In many aspects these wide bandgap materials behave differently from the well studied systems. High quality material has become available only recently due to a strong commercial interest in optoelectronic applications [1, 2] . One of the key question relates to the nature of defects and impurities. Typically high n-type conduction in the range of 10 18 -10 20 cm -3 [3] is observed posing the question of the responsible donor. No chemical impurity has been found at such high concentrations and intrinsic defects have to be considered. According to theoretical models nitrogen vacancies as well as gallium interstitials act as donors [4] [5] [6] but their predicted formation energies are very large in n-type materials making this suggestion controversial [6] .
Defects and impurities are most directly observed and studied in their impact on transport and luminescence properties. An important distinction can be made upon the apparent binding energies of the trapped carriers with respect to the band edges. Such a classification, however, is not sufficient in order to separate hydrogenic defect states from strongly localized defects. The first of those are typically treated in a perturbation of the band edge wave functions and extend over many lattice constants. The latter in turn require a description by means of the wave functions of the whole Brillouin zone. This is typically the case for native defects such as vacancies, interstitials, and antisite defects. From the Kronig-Penny-model of the electronic bandgap it becomes obvious that a variation of the bond length in a crystal affects the Eigen energy of the defect state proportional to the extension of its wave function. Therefore hydrogenic defect states mainly follow the band edges whereas strongly localized defects show a much weaker shift. A variation of the bond length can be achieved by either a composition change e.g. in the ternary alloy system AlGaAs or AlGaN, or by application of hydrostatic pressure [7] .
EXPERIMENTAL
Small GaN bulk crystals produced by two different growth techniques have been studied. Platelets of bulk GaN at dimensions of typically 150 x 100 x 50 µm 3 have been grown by an unconventional high temperature vapor phase technique [8, 9] . From ammonia and elemental gallium thick films of GaN where deposited at 1240 o C onto various substrates. At high growth rates of typically 200 µm/h a spontaneous nucleation of small crystals can be found in addition. On the other hand crystals at dimensions of approximately 500 x 300 x 20 µm 3 have been grown by high pressure synthesis from molecular nitrogen dissolved in Ga [10] . Crystals from both techniques are optically clear and show no grain boundaries visible to the eye. While the samples from the high pressure synthesis show a brownish color, the vapor phase material studied here appears to be perfectly transparent. The c-axis is normal to the larger dimensions. All samples were nominally undoped and n-type. Hydrostatic pressure was applied by means of a diamond anvil cell using nitrogen as a pressure medium. The pressure was determined using the R 1 ruby fluorescence. Photoluminescence (PL) was excited by the 325 nm line of a HeCd laser in an optical cryostat operating at a temperature of 6 K. The emission was dispersed by a 0.85 m double grating spectrometer and detected by a UV sensitive photomultiplier.
RESULTS

eV Luminescence Band
Low temperature PL of two different samples of the HTVPE material is presented in Fig. 1 . Common features are the donor bound exciton (D 0 ,X) at 3.472 eV [11] and the set of bandacceptor recombination at 3.27 eV [8] including several phonon replica at lower energies. While no luminescence is observed in the intermediate spectral range for sample a) a strong contribution is found for sample b). The rather broad peak at 3.42 eV has repeatedly been reported in PL studies and was assigned to an oxygen related defect recently [12] . It appears at an optical binding energy of ~80 meV with respect to the low temperature bandgap of 3.504 eV. This is a very large value when compared to typical binding energies of excitons bound to shallow donors (~30 meV) or acceptors (~40 meV). On the other hand this value is too small to be caused by a donor-acceptor pair interaction where the smallest reported optical binding energies are about 260 meV [8] . Such an observation could indicate the participation of a strongly localized defect for which the above energies typically does not apply. In order to test for such a participation we applied hydrostatic pressure up to 6 GPa. Several spectra are presented in Fig. 2 . The shallow bound D 0 ,X-transition is found to shift at the expected rate [13] . However, the same behavior is observed for the questionable transition. We find that up to a pressure of 6 GPa this transition behaves like a hydrogenic state. This includes both, the initial state in the vicinity of the conduction band and the final state of the recombination near the valence band. Although the valence band typically does not shift much, a distinction between a hydrogenic and a strongly localized final state would have become obvious from this experiment.
Free Carrier Concentration
In a second approach we determined the free carrier concentration as a function of hydrostatic pressure. The coupling of the free electron gas to the optical phonons was used to optically determine the carrier concentration contactlessly in a diamond anvil cell. The interaction of optical phonons with the plasmon of the free carriers is well understood. For the case of GaN the correlation between the frequency of the phonon-plasmon coupled mode and the free carrier concentration as determined by Hall experiments has been given experimentally by Barker and Ilegems [3] . They interpreted the position of the characteristic minimum located on the high energy side of the infrared reflection in the range of the reststrahlen band. Recently a similar correlation has been established between the Hall concentration and the position of the phonon-plasmon coupled mode observed in Raman spectroscopy by Kozawa et al. [14] . They used a series of Si doped GaN films. Here we make use of both, infrared reflection and Raman spectroscopy to determine the free carrier concentration in bulk GaN grown by the high pressure synthesis. At ambient pressure a n-type Hall concentration of 10 19 cm -3 is observed. All data are taken at room temperature.
Reflection at various pressures is presented in Fig. 3 . At ambient pressure (spectrum a) reflection in the expected region of the reststrahlen band is strong and featureless. Interference fringes arising from the terrace like c-plane surface of the sample can be observed. Due to the strong interaction between the phonons and the electrons the high energy edge of the reststrahlen band is smeared out over a wide range. Up to 2500 cm -1 no transmitted light can be measured (T < 1%). After increasing the pressure to 27 GPa the situation has changed dramatically (spectrum c). A distinct minimum can be observed at 925 cm -1 . The lower edge of 
Figure 2: PL in the bandgap region of GaN. For various pressure values the donor bound exciton and the defect related transition shift parallel in energy.
the reststrahlen band is found at 640 cm -1 (A1(TO) mode). Apparently the free carrier concentration has decreased considerably and the A1(LO) phonon which determines the high energy edge of the reststrahlen band is to a great extent uncoupled from the damping effect of the free electrons. For an analysis of the this data we take into account the pressure induce shift of all the phonon modes. For the A1(TO) mode we find a shift of about 100 cm -1 compared to its reported value at ambient pressure. A very similar pressure shift of the pure LO modes, e.g. the A1(LO), can be expected and is supported by the Raman results (see below). We use these values to describe the dielectric function in the oscillator model including the free carrier contribution in the Drude model. From the minimum in reflection we finally derive a maximum carrier concentration 10 18 cm -3 [15] .
After decreasing the pressure to 25 GPa (spectrum b) the A1(TO) phonon edge has shifted to lower wavenumbers and the same shift has to be expected for the bare A1(LO) mode. The minimum in reflection, however, has shifted only very little indicating a small increase in the free carrier concentration.
Complementary information can be obtained from the Raman experiment (Fig. 4 . Spectra normalized to the strongest mode and offset for clarity). At ambient pressure (spectrum a) the Raman active modes A1(TO) (529 cm -1 ) and E2 (565 cm -1 ) are observed in z(x,-)-z backscattering [16] . Again, no indication of the optical A1(LO) mode can be found. Due to the high carrier concentration this mode is strongly damped by the plasmon. At 27 GPa (spectrum d) both, the A1(TO) and the E2 modes have shifted in parallel towards higher energies by about 100 cm -1 in this z(x,-)z forward scattering geometry. But in addition now a clear coupled A1(LO) mode can be observed at 825 cm -1 . From a modeling of the dielectric function parallel to above interpretation [14] we interpret the position and the linewidth of the observed coupled Raman mode. The position of the mode with respect to its expected value leads to a maximum carrier concentration of 3x10 17 cm -3 . The linewidth in turn directly corresponds to a concentration of 3x10 17 cm -3 (±5%). The observed asymmetry of the mode is different from the situation observed in Ref. [14] . This can be related to the observation of additional modes at smaller wavenumbers at even higher pressure [17] and needs further investigation. In a conservative treatment, however, we consider a density of 3x10 17 cm -3 . Again decreasing the pressure to 25 GPa results in a mode softening and a broadening of the coupled A1(LO) line. At 20 GPa the coupled mode can not be found as the carrier concentration has increased and the coupled mode is overdamped.
RESULTS
From the observed reduction of the free carrier concentration we can determine a mean value of the (thermal) binding energy of the trap that localized almost 10 19 cm -3 carriers at room temperature. Assuming a twofold spin degenerate defect level we find a value of 126 meV at 27 GPa. At ambient pressure this level should be degenerate with the conduction band. Assuming the model of a strongly localized defect the different pressure coefficients have resulted in a crossing of the defect level with the conduction band edge reaching 126 meV below the edge at 27 GPa. The behavior of such a donor state is known to be well approximated by an weighted average over the conduction band edge within the whole Brillouin zone. We find the following contributions Gamma (7.1 %), K (19 %), M (38 %), A (8.7 %), L (19 %), and H (7.9 %) [15] . Applying this weight function to the calculated pressure coefficients of the symmetry points [18] we find a pressure dependence of the defect level Extrapolation to ambient pressure the neutral defect level should lie at 0.40 ±0.10 eV above the conduction band edge at ambient pressure. Being in resonance with the band the electron would auto ionize to the band edge where it will still feel the attractive interaction of the coulomb tail of the defect it left behind. This results in very interesting effects on the density of states and should strongly affect transport properties.
CONCLUSIONS
The repeatedly observed luminescence band at 3.42 eV shows an optical binding energy that suggests a strongly localized nature of the respective defect. Its pressure behavior, however, reveals the properties of an effective mass defect at pressures up to 6 GPa. The donor responsible for a high free carrier concentration is found to have a deep gap state at 27 GPa and its corresponding level at ambient pressure is predicted at 0.40 ±0.10 eV above the conduction band edge. So far no assumption has been made on the very nature of the strongly localized defect. Both, the model of the nitrogen vacancy, as well as the gallium interstitial could be supported by these results. However, considering the calculated formation energies of those candidates under equilibrium conditions, the formation of nitrogen vacancies seems to be more likely.
